Abstract -An assessment was made of tracheal mite susceptibility in honeybees pupated at a low temperature. Using a laboratory bioassay, an experiment was conducted to compare the performance of newly-emerged (callow) bees raised at 30 ºC with those raised at the more normal brood temperature of 34 ºC. The reduced temperature caused a delay of over 5 days in the emergence of the bees from the brood cells. The callow bees raised at 30 ºC had over twice the mite prevalence level. The fecundity of the mites in the tracheae was similar for both temperature conditions. Increased susceptibility to tracheal mites resulting from reduced brood temperature may help to explain the mortality, in the temperature-stressed late winter/early spring period, of colonies with a moderate mite infestation in autumn. Further work is required to identify the mechanism responsible for this increased susceptibility.
INTRODUCTION
The tracheal mite, Acarapis woodi (Rennie) has been associated with an epidemic in honeybees (Apis mellifera L.) that first appeared one hundred years ago. The 1904 mortality of honeybees in the South of England (that later spread to the rest of Britain, Ireland and mainland Europe) became known as the 'Isle of Wight disease ' (Adam, 1968) . The tracheal mite was identified for the first time in 1919 during a search to discover the cause of the 'Isle of Wight disease' (Rennie, 1921) . In Europe tracheal mite infestation was initially associated with high levels of bee mortality, which eventually settled down at much lower levels. There is no consensus on the reason for the colony deaths. Bailey and Ball (1991) believe that many disorders, most notably viral paralysis, were wrongly attributed to the tracheal mite. However, the tracheal mite was first recorded in North America in 1984 and subsequently the honeybee colonies were devastated for more than a decade with little evidence of other pathogens having a prominent role (Collison, 2001) .
In the aftermath of this mortality, research was mainly undertaken to control tracheal mite infestation through the use of chemicals as well as identifying resistant strains of honeybee (Danka, 1991) . Acarapis woodi mites reproduce in the tracheae of the honeybee. The female offspring mature in about 10 days and mate within the trachea (Pettis and Wilson, 1989) . Mated females leave the tracheae to seek a new host bee moving from bee to bee 98 J.B. McMullan, M.J.F. Brown via the pleural hair (Hirschfelder and Sachs, 1952; Sammataro and Needham, 1996) . The success rate of these foundress female mites entering the tracheae of new hosts was identified as the likely factor that made certain strains of honeybee susceptible or resistant to tracheal mite infestation (Danka and Villa, 1996) . Danka and Villa (1998) further established that auto grooming was an important trait in bees with resistance, but considered that it was not the only factor involved. An attempt to show that the relative resistance of bee strains could be attributed to the cuticular chemistry of the bee host was not conclusive (Van Engelsdorf and Otis, 2001 ).
There has not been much recent research on the dynamics of intra-colony mite infestation. It has long been established that foundress female mites prefer young, newly emerged bees (Morgenthaler, 1930; Bailey, 1958; Lee, 1963; Giordani, 1977; Gary et al., 1989) . It has been shown that air expelled from the prothoracic spiracles attracts the mites (Hirschfelder and Sachs, 1952 ). An in vitro demonstration has also shown that mites are influenced by particular cuticular hydrocarbons in the young bees (Phelan et al., 1991) . What additional factors other than honeybee strain might affect variations in susceptibility to infestation? One potential factor is temperature stress during pupation. In other biological systems, stress has been shown to play an important role in susceptibility (Maurizio, 1934) . There are certain indications that brood temperature may have a similar effect in the honeybee-mite interaction. First, deviations from normal brood temperature delay or speed up the rate of emergence of callow bees. The susceptibility of a honeybee to tracheal mite infestation is at its peak at emergence and reduces rapidly with age (Morgenthaler, 1930; Gary et al., 1989) . This critical initial condition of the bee may be influenced by an abnormal rate of development. Second, mortality in tracheal mite infested colonies is highest in cold climates (Otis and Scott-Dupree, 1992 ) and this mortality typically occurs in the temperature-stressed late winter/early spring period. While healthy colonies of Apis mellifera have good regulation of brood temperature, it is also known that in adverse conditions the brood temperature held by the bees can be well below typical levels. Kronenberg and Heller (1982) established that in adverse conditions the bees maintained the capped brood and uncapped brood cell mean temperatures (± s.d.) at 31.3 °C (± 1.9°C) and 27.5°C (± 4.1°C) respectively. Owens (1971) demonstrated that at an ambient temperature of -14°C the temperature within the brood area ranged from 29.5-34.5°C. Conversely, in normal conditions bees that are not healthy would have difficulty regulating brood temperature through reduced bee numbers and restricted ability of wing muscles to generate heat. The rapid collapse of colonies that die with Acarapis woodi infestation may be partly explained by a relationship between reduced brood temperature and an increased susceptibility to infestation.
Here we test the hypothesis that callow bees from brood pupated at a low temperature are more susceptible to tracheal mite infestation than brood pupated at a more typical temperature.
MATERIALS AND METHODS

Laboratory bioassay
The experiment was undertaken in the March/ April period 2003 using bees from colonies in North County Dublin, Ireland. A laboratory bioassay was employed using inoculation cages of infested bees into which were introduced the newly-emerged worker bees to be tested. A similar approach had originally been used to measure migration and reproduction of mites (Gary and Page, 1987) . Throughout we will refer to the infested bees as 'host' bees and the newly-emerged bees to be tested as 'target' bees (terminology adapted from Gary and Page). Previous experiments on honeybee susceptibility have shown a good correlation between the results from short-term bioassays and from field colonies (Page and Gary, 1990; Danka and Villa, 1996; Nasr et al., 2001) .
Two inoculation cages were used. The cages were 16 cm in height and 6.5 cm in diameter (giving a total volume of 531 cm 2 ) and were made from mesh screen wire of 3.1 mesh to the cm. A piece of used brood comb (sterilized in 80% acetic acid fumes and ventilated) measuring 5 cm × 4 cm × 2 cm was suspended from the top of the cage.
Host bees
The infested host bees came from a colony where mite prevalence had been increased in the previous two weeks by removing half of its emerging brood frames, which had the effect of increasing the concentration of mites in the callow bees that emerge from the remaining frames. Bees from this colony were taken from the crown board (inner cover) and the landing board, shaken into a holding box and given a light misting of water. Each inoculation cage was filled in turn with an estimated 300 infested worker bees. The bees, measured by volume, were introduced into inoculation cage 1 using a funnel. A sample of sixty bees was taken from the holding box, placed in numbered boxes and stored at -30°C. The bees were later dissected to give a measure of the host bee infestation in cage 1. The procedure was repeated for inoculation cage 2.
Target bees
The target bees were obtained from three medium/strong colonies (bees covering 7-10 frames of a 12 frame brood box) from three different apiaries in North County Dublin. One apiary was located in an urban coastal area, another in a mixed urban/ rural area one mile from the coast and the third in a rural area three miles from the coast. A frame of brood with the adhering bees brushed off was taken from each of the three colonies on 27th March 2003 and each inserted into a separate stainless steel frame cage. These cages were put into insulated nucleus boxes, transported to the laboratory and transferred to a dark incubator at 30°C and a relative humidity of median (range) 55% (± 8%), within half an hour of leaving the hive. For the following 9 days callow bees were removed morning and evening from each of the three cages. These bees were not included in the experiment. On 5th April (9 days later) a second frame of brood, adjacent in the hive to the frame already removed, was taken from each of the three target colonies and incubated at 34°C. The brood temperature of the three target colonies had been monitored while the frames were in the hive to ensure that the brood was being pupated at normal hive temperature (34°C) for the preceding 9 days. Temperature readings, median (range) of 34.4 ºC (± 0.5 ºC), 34.6 ºC (± 0.7 ºC) and 34.6 ºC (± 0.5 ºC) for colonies 1, 2 and 3 respectively were recorded during the period. From sample readings, the relative humidity in the hives was in the range 54% (± 10%). Consequently, because pupating bees are isolated from all other aspects of the hive environment, the only difference between the control and treatment bees was the temperature at which they were pupated, with the control bees pupating at 34 ºC for 9 days and the treatment bees pupating at 30 ºC for 9 days.
At eight-hour intervals over the next 24 hours callow bees emerging from the six frames were collected in separate polystyrene cups that had a smear of petroleum jelly along the top to prevent the callow bees from climbing out. Bees were chosen randomly from the polystyrene cups and (using surgical gloves to handle them) a 1-2 mm spot of Testor's™ gloss enamel paint was applied to the V-VI tergites on the abdomen of the callow bees; i.e. six different colours were used to mark these target bees. Previous work has shown that there is no effect on mite migration of marking in this way . Over a 24-hour period, thirty marked bees from each of the six frames were introduced by funnel into each of the two inoculation cages giving a total of 180 marked bees in each cage.
Inoculation process
The inoculation cages were maintained in a dark incubator at 32°C and 50% RH. The bees were provided ad libitum with sugar syrup (50%) and water via gravity feeding vials at the top of the cages. A supply of freshly gathered pollen was provided on the floor of each cage. This pollen was delivered through the vial-feed openings on top thus enabling access even when dead bees gathered on the floor. The experiment was concluded after 7 days, based on the evidence that the first adult mites to mature are the males after 8 days (Pettis and Wilson, 1989) . Hence after 7 days the only adult mites present are the founding females. The dead bees were removed from the bottom of the cage, segregated and counted. The live bees were held on ice for 4-8 hours, and then taking each cage in turn were segregated into host and the six categories of target bees, and counted. A sample of sixty host bees was randomly chosen from each cage, placed in numbered boxes and stored at -30°C. The target bees from each cage were also placed in numbered boxes and stored at -30°C to await dissection.
Dissection technique
The thoracic disk method is the most commonly used technique of dissecting bees for tracheal mite examination of large numbers of bees (Shimanuki and Knox, 2000) . This method requires the use of 5-10% potassium hydroxide solution, and incubation of the disks for 16-24 hours at 37°C to clear the bees' tissues. A preliminary test of this technique was conducted but was abandoned because of its inability to provide accurate estimates of mite intensity. Difficulty in distinguishing the different stages of mite development was also a major problem.
The bees were dissected using a modification to the classic technique of removing the head and thoracic collar as described by Lorenzen and Gary (1986) . The prothoracic tracheae were removed and placed on a double-sided tape placed on a glass slide. Using a stereomicroscope at 60-100X magnification, each trachea was opened using a dissecting needle. The number of adult mites, larvae and eggs were counted and recorded.
Statistical analyses
To test the effects of brood temperature, inoculation cage, colony and their interactions on the likelihood of a host bee becoming infested by tracheal mites we used a binary logistic regression. The forward log-likelihood procedure was applied. Brood temperature was coded as an indicator variable, while cage and colony were coded as deviation variables.
Mite abundance data were analyzed in a 3-way ANOVA, with brood temperature as a fixed factor, and cage and colony as random factors. While, even with transformation, the data did not meet the assumptions of normality and homogeneity of variances, for a large and balanced design, ANOVA are highly robust to such deviations (Underwood, 1997) .
Definitions
The infestation terms used in this paper are defined below, following Bush et al. (1997) .
Prevalence: number of infested bees in a sample (expressed here as a %);
Abundance: total number of mites per bee in a sample;
Intensity: total number of mites per infested bee in a sample;
Mean fecundity: mite offspring per female mite over a given time period.
RESULTS
Mite prevalence
The brood temperature had a significant effect on mite prevalence (Logistic regression:
Wald statistic = 46.157, d.f. = 1, P < 0.001).
There was a two-fold increase in the overall prevalence from 20% at 34°C to 41% at 30°C. (Tab. I and Fig. 1 ). There were no significant effects of cage or colony.
Mite abundance, intensity and fecundity
There was no effect of brood temperature (F[1, 2.54] = 6.021, P = 0.107), colony (F[2, 2.13] = 0.76, P = 0.563), cage (F[1, 1.12] = 0.225, P = 0.711) or their interactions on mite abundance. Despite this, the overall mite abundance increased by 82%, from 0.95 at 34°C to 1.74 mites/bee at 30°C (Tab. I). The lack of a temperature effect in the ANOVA (see above) was probably due to the large number of uninfested bees (229 uninfested / 331 total) rather than the absence of a real effect. The power of this test to detect a temperature effect was only 0.354.
The corresponding mite intensities for treatment at 34 ºC and 30 ºC were 4.65 and 4.22 mites per infested bee respectively (t-test: P = 0.551), while the mean fecundity of 2.74 (34 ºC) and 2.73 (30 ºC) mites was similar (ttest: P = 0.976). In 17 instances, offspring were found in the tracheae of the target bees but with no associated foundress female present. As in the case of Gary et al. (1989) we assumed that the foundress females had migrated further into the trachea and were not detected during the dissection. Accordingly, if in these cases one female mite were assigned to the offspring, an adjusted mean fecundity would be obtained encompassing all of the mite population (Tab. II). The overall ratio of larvae to eggs was also similar for the two treatments at 0.40 for 34 ºC and 0.38 for 30 ºC (Tab. II). This indicated that the temporal distribution of the foundress mites entering the tracheae was similar (assuming that the time for eggs to hatch was the same). Therefore, since the mean fecundity (and adjusted mean fecundity) and the temporal distribution of entry of foundress mites were similar for both treatments, it indicated that the egg-laying rate (fecundity) of the mites was also similar.
Inoculation pressure (Cages 1 and 2)
It was planned to have a minimum of 300 infested host bees in each inoculation cage.
However, using a volumetric measurement to estimate the number of water-misted bees resulted in excess numbers of 20% in cage 1 and over 40% in cage 2 (Tab. III). The number of infested host bees and the total mites present at all stages were significantly lower in inoculation cage 2, even after allowing for the larger number of host bees initially. The resulting inoculation pressure was about four fifths that of cage 1 yet the number of adult females that migrated to the target bees and the total number of mites at all stages in target bees in cage 2 was similar to that in cage 1; 53 vs. 53 and 218 vs. 227 respectively.
Recovery and mortality rates (Target and host bees)
There was a high recovery rate for the target bees in both cages, and mortality rates were similar at 7% for cage 1 and 6% for cage 2 (Tab. III). This was in contrast to the mortality rate for the older host bees that differed widely at 17% for cage 1 and 32% for cage 2. The food consumption per bee in cage 2 was also much lower during the inoculation period (29.1 µL vs. 33.3 µL; Tab. III). The above observations plus the fact that there were initially 20% more host bees in cage 2 and the presence of dysentery on the sixth day would indicate that these bees were in a more 'stressed' state.
Brood delay time
The reduction in brood temperature resulted in a considerable lengthening of the time period from sealing of the brood cells to emergence of the callow bees. The callow bees used in the experiment had been pupated at 30 ºC for a period of 9 days. However, pupation of the three brood combs continued until all of the bees had emerged. The callow bees emerged from the brood raised at 30 ºC within an average time of 18.1 days (ranging from 17.6 to 18.3 days for the three target colonies). This represented a delay of 5.1 days from the typical emergence time in normal conditions of 13 days. All the bees appeared in a healthy condition. The proportion of bees that did not emerge (dead in the cell) was similar for the bees raised at 30 ºC (n = 5366) and 34 ºC (n = 6492) at 1.0% and 1.1% respectively. The target bee mortality in the inoculation cages was similar for both treatments at 12/177 (30°C) and 11/177 (34°C). Hence the treatment had a delaying effect but had no mortality effect.
DISCUSSION
Reducing brood temperature increased the susceptibility of honeybees to tracheal mite infestation by a factor of two. We believe that this is the first experimental demonstration of variation in intra-colonial resistance to tracheal mites. Furthermore, the analysis of mite abundance showed that this variation relates only to the initial establishment of mites, as mother mites produced the same number of offspring regardless of whether their host had pupated at 30 ºC or 34 ºC.
The above could help to explain aspects of the epidemiology of tracheal mite infestation in honeybees. There is a significant increase in mortality in winter where > 30% of bees in a hive are infested (Bailey, 1961) . Typically, colonies that collapse with the 'Isle of Wight disease' show no signs of viral paralysis (Adam, 1968) . This has been the recent experience of mortality in tracheal mite infested colonies in Ireland (J.McM. personal observation). Other studies have shown that winter mortality rates in colonies with tracheal mites are generally higher in cold climates (Eischen, 1987; Otis and Scott-Dupree, 1992) . Honeybees in a colony with a moderate infestation will have reduced capability to use their flight muscles to generate thoracic heat due to mites and associated debris blocking the prothoracic tracheae (Komeili and Ambrose, 1991) . The combined effects of the reduced ability to generate thoracic heat and the increased susceptibility to mite infestation of a colony under low temperature conditions (per our findings) are likely to be critical factors mitigating against colony survival in winter. Brood areas in winter/ early spring have been negatively correlated with mite infestation (Otis and Scott-Dupree, 1992) . A colony during this critical period requires an influx of young healthy bees if it is to survive. Our results show that reduced brood temperature will increase the vulnerability of callow bees to tracheal mite infestation and the development of the brood nest will be restricted limiting the ability of the colony to adequately replace the old winter bees. Reduced bee numbers will then contribute to lower brood temperature, increased susceptibility and the colony viability will spiral downwards. Variability in host bee mortality between cages indicates that the bees in inoculation cage 2 were more stressed than those in cage 1. It is also noteworthy that while the inoculation pressure in cage 2 was 20% less, the overall infestation levels in the target bees in the two cages were similar. It would appear that this cage-specific stress increased either migration of mites from host bees or the overall susceptibility of the target bees to tracheal mite infestation.
Overall the results from our experiment concur with the conclusions of Danka and Villa (1996) that differential susceptibility is governed by the success rate of migrating foundress mites entering the tracheae and that mite fecundity does not play a major role. Gary et al. (1989) established that bees were most susceptible up to four days old, confirming the findings of Morgenthaler (1930 Morgenthaler ( , 1931 . In both cases the plot of bee susceptibility vs. bee age ('susceptibility curve') showed the susceptibility to the tracheal mites falling off rapidly from the level at emergence to almost zero at a bee age of five days. The much higher susceptibility of the bees pupated at 30 ºC in our experiment would indicate a 'susceptibility curve' above that for the higher brood temperature with, for example, a much higher susceptibility at emergence or a slower decline with age of bee. The former is suggested, as an analysis of the data on larvae / eggs ratios from our experiment indicated that the temporal distribution of the mites entering the tracheae was similar for both treatments.
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Résumé -La température de nymphose du couvain agit sur la susceptibilité des abeilles domestiques (Apis mellifera) à être infestées par l'acarien Acarapis woodi. Il y a 100 ans survenait dans le sud de l'Angleterre la première manifestation d'une épidé-mie sans agent pathogène connu parmi les abeilles domestiques. L'acarien des trachées, Acarapis woodi (Rennie) , découvert en 1919, fut associé à l'épidémie qui devint connue sous le nom de « maladie de l'île de Wight ». Depuis de grosses pertes ont été causées aux ruches dans le monde entier. L'acarien se tient principalement dans les trachées prothoraciques et se nourrit de l'hémolymphe des abeilles. Il existe une controverse au sujet du pouvoir pathogène de l'acarien. La majeure partie de la recherche réalisée à ce jour s'est concentrée sur la sensibilité des diverses souches d'abeilles à l'acarien. Cet article, par contre, considère l'action de la température du couvain sur la sensibilité d'une souche d'abeilles à l'infestation. Une expérience utilisant un test biologique en laboratoire a été entreprise pour comparer la sensibilité des abeilles naissantes issues d'un couvain élevé à basse température (30 °C) avec celle d'abeilles issues d'un couvain élevé à température normale (34 °C). La réduction de la température a provoqué un retard de 5 j dans l'émergence des abeilles. Les résultats montrent que les abeilles éle-vées à basse température étaient deux fois plus infestées. Le taux de reproduction des acariens dans les trachées était le même dans les deux cas. Ces résul-tats peuvent aider à expliquer un caractère de l'épi-démiologie des colonies faiblement infestées, à savoir le déclin et la mortalité à la fin de l'hiver et au début du printemps. Le mécanisme responsable de cette sensibilité accrue des abeilles élevées à basse température reste inconnu. 
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